ABSTRACT In order to overcome the defect of low output voltage of the renewable energy-based generators, such as the photovoltaic array and fuel cells, a family of high step-up integrated dc/dc converters with dual coupled inductors is proposed based on combination of the modified quadratic boost converters and the voltage-multiplier modules (VMM). The high voltage gain can be achieved by adjusting the duty cycle and turn ratios of the coupled inductor of VMM. In particular, quite low voltage stress on the power switch can be obtained since the switch is no longer directly excited by the high output voltage, which is useful for enlarging the power efficiency. In addition, the two inductors in MQBC are integrated by using one magnetic core to decrease the size of the magnetic components. Very small ripples of the input current can be realized by ripple suppress abilities of the coupled inductors. Two experimental prototypes with ratedpower of 200W are selectively constructed for comparative analysis, and experimental results verify the correctness and practicability of the proposed converters.
I. INTRODUCTION
The development of renewable generation has been regarded as an effective method to overcome the global energy crisis and the deterioration of environment [1] - [4] . In general, the output voltage of the renewable energy sources such as fuel cells and PV arrays is relatively low and hence high step-up dc/dc converters are widely required in order to enlarge the DC voltage for supplying the grid-connected inverters and DC loads [5] , [6] . Although multitudinous efforts have been dedicated to the design of power converters, new converters with high voltage gain and efficiency are still desirable in consideration of the application scenarios of renewable generation such as fuel cells and photovoltaic systems [7] .
Electrical-isolation and high voltage gain are usually together required by industrial application, and hence the transformers based electrical isolated converters have been widely investigated [8] - [14] . The voltage gain of the isolated converters could be adjusted by tuning the turn ratios of the intermediate transformer [8] - [10] . However, improper coupling strength might cause leakage inductance which could result in large voltage spikes on the active switches [11] . Moreover, the isolated converters without continuous and smooth input current could lead to noticeable electromagnetic interference (EMI) [12] , [13] , and hence bulky input filter is necessarily demanded to properly suppress EMI [14] .
In order to achieve high voltage gain, quadratic boost converters (QBCs) are widely utilized, of which the voltage gain can be expressed by a quadratic function in terms of the voltage gain of traditional boost converter [15] - [17] . The QBC presented in [15] is configured by using the traditional topology composed of two cascaded boost converters, while the QBC discussed in [16] is improved on the basis of [15] with low buffer capacitor stress. Recently, the QBCs based on non-cascading structures are newly proposed in [17] . However, the active switch of all the above mentioned QBCs is operated under the stress of high output voltage, and hence the conduction resistance of the required active switch will result in high-frequency turn-off losses and low energy conversion efficiency [18] .
To date, for applications without requirements of electrical isolation, the non-isolated high step-up converters, in virtue of simple structure and small size, have attracted many research attentions [19] - [25] . Switching inductor (SL) and switching capacitor (SC) have been used to structure the high step-up converters, of which the voltage gain mainly relies on the number of voltage lifting units [19] , [20] . However, the SL or SC based high step-up converters usually have the drawbacks of large input current fluctuation, weak load regulation and output-voltage stabilizing ability [21] , [22] . In order to obtain high voltage conversion without requirement of extreme high duty cycle, the typical boost and SEPIC converters can be modified by introducing the voltagemultiplier cells [23] , [24] . However, the voltage gain is dependent on the circuit structure with low adjustable ability [25] .
To improve the voltage gain adjustability of boost converters based on voltage-multiplier cells, independent inductors in voltage-multiplier cells can be replaced by the coupled inductors to structure the voltage-multiplier modules (VMM). Then high voltage gain can be obtained by varying the duty cycle as well as the turn ratios of coupled inductors. Also, voltage stress of switching devices can be evidently decreased [7] , [26] - [29] . The high voltage gain and low voltage stress across the active switch can also be achieved by combining VMMs and the boost converter [26] , [27] . High voltage gain without requiring extreme high duty cycle is achieved by a conventional interleaved boost converter as discussed in [7] , by introducing the VMM composed of switched capacitors and coupled inductors. A coupled inductor and two voltage multiplier cells are together employed to obtain high voltage gain in [28] . Moreover, the energy recovery circuit can be naturally formed by the diodes and capacitors and hence the efficiency of the above mentioned converters can be improved. In addition, a high static gain DC-DC converter based on modified SEPIC converter and VMM is proposed in [29] , of which the snubbed circuit can be used to minimize the voltage spikes of the active switch.
The VMMs-based high step-up converters comprehensively possessing the high performances of high efficiency, high gain, low voltage stress and continuous input current are still requiring further research attention [30] - [34] . In consideration of extreme high voltage applications, a novel single-switch based high step-up converter has been proposed in [30] , which is formed by one QBC and one VMM. By integrating coupled inductor with voltage-multiplier cells, high conversion voltage and low voltage stress of the power devices can be achieved. The three-winding coupled inductor based converter discussed in [31] can also achieve high voltage gain and low voltage stress, which is structured by the improved QBC with low buffer capacitor stress [16] and VMM. A converter is presented in [32] as the alternative power circuit for high voltage conversion and low-to-medium power applications, which is built based on the traditional QBC [15] and the coupled inductor based VMM. Hence, the QBCs and VMMs based converters can be used to achieve high voltage gain and low voltage stress [33] , [34] .
To achieve high efficiency, high voltage gain and low voltage stress, a family of module-integrated converters with high voltage gain by using dual coupled inductors is proposed in this paper. In addition, very small ripples of the input current can also be achieved by the ripple-suppressed ability of coupled inductors. This paper is organized as follows. The circuit topology of the high step-up module-integrated converters is given in Section II. The steady-state operational principles and performances of MQBCI-VMMIII are presented in Section III for demonstration, where the simplified case without considering the loss of leakage inductance is performed to get the static voltage gain and voltage stress. The comparative analysis of steady state performances of MQBC-VMM converters is shown in Section IV, and the experimental results are presented in Section V to validate the theoretical analysis, while conclusions are given in Section VI.
II. DESIGN OF HIGH STEP-UP MODULE-INTEGRATED CONVERTERS A. THE COUPLED INDUCTORS BASED QBCS
The three modified quadratic boost converters (MQBC) by making use of coupled inductors are shown in Fig.1 , labeled as MQBC I , MQBC II and MQBC III , respectively. The MQBC I is derived from the QBC discussed in [15] by coupling inductor L 1 and L 2 . The circuits shown in Fig.1 (b) and Fig.1 (c) are derived from MQBC I . During each switching period, MQBCs have two operation stages, and the current path of each stage is indicated by colored dash line in each circuit. The symbols ''on'' and ''off'' beside each dash line represent the time intervals of the switch being turned on and off, respectively. The key waveforms of MQBC I during one switching period are depicted in Fig.1 (d) .
Stage on: The switch Q and diode D 1 are conducted, and the diode D 2 is turned off. The energy of DC source V in is Based on the volt-second balance principle of L 1 and L 2 , the gain expression of these three MQBCs can be presented by
where D is the control duty-cycle of switch Q.
B. VOLTAGE MULTIPLIER MODULES
Three circuit structures of VMM are presented in Fig.2 , labeled as VMM I , VMM II and VMM III , respectively, where T is a coupled inductor with primary and the secondary windings denoted by n p and n s , respectively. The voltage gains of VMMs can be calculated as
where N is the turn ratios of the coupled inductor T . Evidently, the voltage gain of VMM can be adjusted by tuning the turn ratios of the coupled inductors.
C. DERIVATION OF THE MODULE-INTEGRATED CONVERTERS
The voltage gain of MQBCs is only decided by the duty cycle of control signal. Therefore, for the applications required very high voltage gain, the duty cycle might be adjusted to extremely high value and the active switch is then performed under high voltage stress. A family of high step-up converters is proposed by the combination of MQBC and VMM in order to obtain higher voltage gain and lower voltage stress on power devices, as shown in Table 1 . Nine coupled inductors based converters with high gain can be obtained. Evidently, the proposed module-integrated converters can achieve higher voltage gain for given duty cycles as compared to single MQBC or VMM based converters since the voltage gain can be controlled both by duty cycle and the turn ratios of coupled inductor.
III. DEMONSTRATIVE ANALYSIS OF MQBC I -VMM III
To further analyze the steady-state operation performance of the proposed converter family, the converter structured by MQBC I and VMM III is selected as illustrative example for theoretical discussion.
A. CIRCUIT TOPOLOGY
To improve the power density, the inductors L 1 and L 2 of MQBC I could be assembled into one magnetic core to structure the coupled inductor T 1 , which will reduce the size of magnetic components. Very small ripples of the input current can be achieved in virtue of the ripple-suppressed For analysis simplification, T 2 is equalized as an ideal transformer with the coupling coefficient
and the turn ratio N 2 = n s /n p . The operation stages of the demonstrative converter MQBC I -VMM III are shown in Fig.4 . The operation stages during one switching period can be described as follows.
1) STAGE 1
The switch Q is conducted, while Diodes D 2 , D 3 and D o are turned off and diodes D 1 and D 2 are turned on. The energy from DC source V in is delivered to L 1 by D 1 and Q, and L 2 is charged by C 1 via Q. Currents i L1 and i L2 are linearly enlarged. C 3 is discharged and the energy is released to inductor L m and C 2 via Q, which results in the increment of current i Lk ; the energy stored in the secondary winding of T 2 is released to C 4 . Hence, we have
where V ns is the voltage across the secondary winding of T 2 .
2) STAGE 2
The switch Q, D 1 and D o are turned off, while D 3 is conducted. The energy stored in L 1 is released through D 2 to charge capacitor C 1 , and the current i L1 is linearly declined; the energy stored in L 2 is transferred to C 3 via D 3 . The current i L2 going through Q is quickly decreased by D 3 . The voltage stress on Q is equal to V C3 due to the conduction of D 3 , and the snubbed circuit composed of D 3 and C 3 can be naturally formed in virtue of the parallel capacitor of Q, which could reduce the voltage spikes on Q during the transient operation between stages. The energy stored in L k1 is discharged through D 3 and then the energy is stored in capacitor C 2 , which leads to the linear decrement of i Lk . Meanwhile, the energy stored in L k2 is transferred to C 4 by the energy recovery circuit consisting of D 3 , D 4 and C 4 . The following equations hold, 
The switch Q remains off. D 3 can achieve zero-current turnoff and its voltage stress is equal to the summation of V C2 and V Lm . Therefore, the voltage stress on Q can be decreased to V C3 -V C2 -V Lm . Namely,
In addition, the currents i L1 and i L2 are still linearly decreased and the current −i Lk is also declined.
5) STAGE 5
The switch Q is turned on. L 1 is charged by V in and L 2 is excited by V C1 . The currents i L1 and i L2 are linearly increased. Meanwhile, the energy stored in L m and C 2 is released to charge C 3 , and the secondary side of T 2 is supplying energy to the load. Therefore, the currents −i Lk and i Ls are declined. The voltage on leakage inductance L k1 can be represented as follows,
After the currents −i Lk and i Ls are reduced to zero, the next switching period is initialized.
B. VOLTAGE GAIN OF MQBC I -VMM III
During the stage 1 as shown in Fig.4 (a) , L 1 , L 2 and L m are charged and the voltages across inductors can be expressed by
For the stage 3 as shown in Fig.4 (c) , the switch Qis turned off. L 1 , L 2 and L m are hence discharged, namely
Applying the volt-second balance principle to the inductors L 1 , L 2 and L m , we have
Based on (17)- (22), the voltages across C 1 , C 2 , C 3 and C 4 can be derived by
According to (16) and (21)- (24), the output voltage of MQBC I -VMM III can be expressed by
Hence, the voltage gain of MQBC I -VMM III can be written by,
It can be observed from (26) that, the voltage gain of the MQBC I -VMM III is decided by the duty cycle D, the turn ratios N 2 and coupling coefficientk 2 . Since the influence from leakage inductance can be ignored due to its relatively small value as compared with L m . Then, the voltage gain of the MQBC I -VMM III can be rewritten as,
The voltage gain curves of MQBC I -VMM III in terms of D are presented in Fig.5 , as N 2 is equal to 1, 2 and 3 and k 2 is equal to 1. Evidently, for a given duty cycle value, the voltage gain of MQBC I -VMM III converter is higher than QBC I and the higher gain can also be achieved by increasing the turns ratio N 2 . 
C. VOLTAGE AND CURRENT STRESS ANALYSIS
According to the preceding analysis of voltage gain and by neglecting the influence from leakage inductance and the voltage ripples acrossC 3 , the maximum voltage stress on the power switch can be derived by
The voltage stresses of the diodes can be written by
The ratio between the diode voltage and the output voltage in terms of different N 2 and D is exhibited by Fig.6 . It is noticeable that the ratio between the voltage across D 1 ∼ D 3 and the output voltage can be decreased by the increment of N 2 . Nevertheless, the ratio between V D4 and V o can be enlarged by increasing N 2 . In addition, the ratio between the voltage across D 1 ∼ D 2 and the output voltage is also decided by the value of duty cycle D. The value of V D1 /V o can be decreased by increasing N 2 and D. Hence, the duty cycle and the turn ratios should be comprehensively configured in order to achieve low voltage stress and switching losses.
The current ripples on the inductors L 1 , L 2 and L m can be expressed by
where By analyzing Fig.6 (a) and Fig.6 (b) , the peak current of diodes D 1 and D 2 can be derived by
Since the average values of the currents passing through C 2 , C 3 , C 4 during one switching period are zero, by applying the Ampere-second balance principle to C 2 , C 3 and C 4 , the average currents flowing through D 3 , D 4 and D o are equal to the average value of i o . The current stresses on D 3 , D 4 , D o and the power switch Q can be obtained by
D. ZERO RIPPLE OF INPUT CURRENT
Very small ripples of the input current can be achieved due to the ripple-suppressed abilities of the coupled inductor. Based on (34), the input current characterized by zero ripples can be achieved when the I L1 is reduced to zero. Hence, the following equations can be derived,
For steady-state operation, by substituting (23) into (41), we have
Hence, the conditions to achieve zero input-current ripples can be obtained by, The input current characterized by very small ripples close to zero can be achieved by suitably configuring the coupling coefficient of T 1 to satisfy (43). It should be noted that the voltage gain of the proposed converters is independent of the coupling coefficient k 1 . In other words, high voltage gain can be achieved no matter L 1 and L 2 are independent or coupled by the same magnetic core. To realize the input current with very small ripples, the required value of L 2 should be larger than the critical value to ensure CCM operation.
IV. COMPARATIVE ANALYSIS OF MQBC-VMM CONVERTERS
The methods used for analyzing converter MQBC I -VMM III can be applied to the rest eight cases of MQBC-VMM converters listed in Table 1 . The theoretical calculation results are shown in Table 2 for comparatively analyzing this converter family. It can be observed from Table 2 that the voltage gain of MQBC-VMM is in fact equivalent to the product of the voltage gains of MQBC and VMM. This result also verifies that the gain of MQBC-VMM converter can be controlled by the duty cycle of MQBC and the turn ratios of the coupled inductor inside VMM, namely,
According to Table 2 , the converters structured by MQBC I can achieve small ripples of input current in virtue of the ripple-suppressed ability of the coupled inductor. For the converters containing MQBC II and MQBC III , the voltage stress across the buffer capacitor C 1 is relatively low and buffer capacitors with small parasitic resistance can be utilized in order to reduce power losses and overall size. Also, the snubbed circuits can be naturally formed in the MQBC-VMM converters by VMM 1 and VMM III and hence the voltage spikes on the power switch can be decreased. In addition, the whole family of MQBC-VMM converters can structure an energy recovery circuit by making use of the diodes and capacitors inside the VMM, by virtue of which, the leakage inductive energy can be recovered and delivered to the load.
The performance of converters with high voltage gain structured by coupled inductors are comparatively listed in Table 3 , from which we can see that, the converter proposed in [26] with fewer switching devices can achieve high gain and low losses of leakage inductance. The high gain converter with dual switches proposed in [27] can obtain lower voltage stress on the switching devices, but based on high complexities of control process. The proposed converters MQBC-VMM and the converters presented in [33] and [34] can achieve higher voltage gain by integrating the QBC 
FIGURE 7.
Voltage gain comparison of the proposed converter, the conventional quadratic boost and reference [33] , [34] with N 2 = n = 2.
and coupled-inductors. However, in addition to higher voltage gain, the MQBC-VMM module-integrated converters can achieve quite low voltage stress of the active switch and diodes as well as small reverse recovery loss in the output diode, as compared with the converters presented in [33] and [34] .
V. EXPERIMENTAL TESTS OF THE PROPOSED CONVERTERS
For comprehensively presenting the operation performance of this converter family, MQBC I -VMM III and MQBC II -VMM II are illustratively selected for laboratory tests. The parameters of the converter prototype are configured as
The experimental prototypes of MQBC I -VMM III and MQBC II -VMM II are shown in Fig.8 . The measured waveforms of the control signal Q, the output voltage, the input current i in and the current i L2 are shown in Fig.9 , respectively. It can be seen that, the ripples of the input current i in of MQBC I -VMM III can be decreased to lower than 5% of the average input current, while the current i in of MQBC II -VMM II is continuous but with the ripples up to 50% of the average current. Also, the currents going through L 2 of MQBC I -VMM III and MQBC II -VMM II are continuous.
The control signal of Q, the voltage V ds and currents i ds and i D3 of MQBC I -VMM III and MQBC II -VMM II are exhibited in Fig.10 , from which we can see that, once D 3 is conducted, the snubber circuit formed by D 3 , C 3 and the parasitic capacitance of Q can be automatically activated for suppressing the voltage spikes. When D 3 is switched off, the voltage across Qis then reduced from V C3 to the value of V C3 -V C2 -V Lm .
Comparatively, large voltage spikes can be detected in Q of MQBC II -VMM II since no snubbed circuit is naturally formed in VMM II . VOLUME 6, 2018 The control signal of Q, the current waveforms including i Lk , i Ls and i D4 of MQBC I -VMM III and MQBC II -VMM II are displayed in Fig.11 , respectively. It can be observed that, at the beginning of stage 2, switch Q is turned-off, the current going through D 4 commences to decline and diode D 3 is conducted. During the time interval t α , the energy stored in leakage inductor L k1 can be transferred to C 2 and the energy stored in L k2 is firstly released toC 4 by the energy recovery circuit composed of D 3 , D 4 and C 4 , and then to the load.
The voltages across Q and C 1 , the input and the output voltage of MQBC I -VMM III and MQBC II -VMM II are shown in Fig.12 , respectively. The voltage across C 1 of MQBC I -VMM III is measured as 38V and the output voltage steadily reaches 400V, while the voltage stress of C 1 in MQBC II -VMM II is detected as 20V. These results reveal that MQBC I -VMM III possesses higher voltage stress as compared with MQBC II -VMM II . These experimental results are in good agreement with the theoretical analysis.
The experimentally sampled efficiency curves of MQBC I -VMM III and MQBC II -VMM II are depicted in Fig.13 (a) . The efficiency of MQBC I -VMM III is measured as 93.7% when the converter is fully loaded, and the maximum efficiency can reach 94.6%. The efficiency of MQBC II -VMM II is measured as 93.2% under fully loaded condition, and the maximum efficiency can reach up to 94.1%. The power loss distribution of MQBCI-VMM III and MQBC II -VMM II are shown in Fig. 13(b) . It can be seen that the power loss of the switch is dominantly high both in MQBC I -VMM III and MQBC II -VMM II , which can be measured as 7.1W and 8.7W, respectively. The power losses of the MOSFET and inductors of MQBC II -VMM II are both higher than that of MQBC I -VMM III , which lead to lower efficiency as compared with MQBC I -VMM III by about 0.5%. In addition, since the capacitor C 1 with small rated-voltage and equivalent series resistance is adapted to structure MQBC II -VMM II , the power loss of the capacitors is lower than that of MQBC I -VMM III by 0.7W. The rest of power loss of MQBC I -VMM III and MQBC II -VMM II is about 0.8W, including PCB and wire conduction loss and so on.
Based on the above experimental results, it can be derived that, each member of this converter family can achieve high voltage gain and possesses different operation performance. One can choose one of these nine converters according to specific application requirement. For example, in addition to high voltage gain, MQBC I -VMM III could be selected for utilization as very small input current ripple is required; in consideration of the demand of low buffer capacitor stress, MQBC II -VMM II is suggested to be applied and high conversion efficiency can be satisfied at the same time.
VI. CONCLUSIONS
A family of nine high step-up module-integrated converters with dual coupled inductors is proposed in this paper based on the MQBCs and VMMs. These converters can provide high voltage step-up for the power generation systems with low output voltage, such as the PV array and fuel cells system. The operation principle and steady-state performances of the proposed converter family are experimentally verified by taking two cases of MQBC I -VMM III and MQBC II -VMM II for demonstration. The experimental results shown that high voltage gain can be achieved by adjusting duty cycle and the turn ratios of the coupled inductor of VMM, and the voltage stress across the power switch can be greatly reduced to the value much lower than the output voltage. In addition, this newly proposed converter family can be compatibly integrated in order to achieve high efficiency and small size, and can provide attractive references for new converter design in consideration of renewable energy applications. 
